Revised manuscript prepared for the proceedings of the conference Migration '07 (Radiochimica Acta)

Solubility of Zr(IV), Th(IV) and Pu(IV) hydrous oxides in CaCl, solutions and the
formation of ternary Ca-M(IV)-OH complexes

M. Altmaier' *, V. Neck' *, Th. Fanghinel'”

! Forschungszentrum Karlsruhe, Institut fiir Nukleare Entsorgung, PO Box 3640,

D-76021 Karlsruhe, Germany

European Commission, Joint Research Centre, Institute for Transuranium Elements,
PO Box 2340, D-76125 Karlsruhe, Germany

Keywords:  Zirconium / Thorium / Plutonium / Ternary Ca-M(IV)-OH complexes /
Solubility / Thermodynamics / SIT /

Summary

The solubility of Zr(IV), Th(IV) and Pu(IV) hydrous oxides is investigated at 22 + 2°C in
alkaline 0.1 - 4.5 M CaCl, solutions. Further studies are performed with Zr(IV) over the entire
pH range in NaCl and CaCl, media, and with Zr(IV) and Th(IV) in alkaline Ca(ClO4),
solutions. The comparison of Zr(IV) data in different ionic media (NaCl, NaClO,4, CaCl, and
Ca(ClOy4),) of similar ionic strength shows that the solubility in the acidic and neutral pH
range is not affected by strong interactions between the aqueous M(IV) species and the
medium ions. However, in alkaline CaCl, and Ca(ClO4), solutions the formation of ternary
Ca-M(IV)-OH complexes causes unexpectedly high solubilities of Zr(IV) at pH, = 10 - 12
and [Ca®"] > 0.05 M and of Th(IV) at pH, = 11 - 12 and [Ca®"] > 0.5 M. The dependence of
the Zr(IV) and Th(IV) solubilities on the H and CaCl, concentrations shows that the
complexes Zr(OH)s> and Th(OH)s" with an unusual large number of OH ligands are
stabilized by the formation of associates or ion pairs with Ca®" ions. The SIT is used to derive
equilibrium constants at zero ionic strength for the complexes Zr(OH)s> (in calcium-free
solutions), Ca,[Zr(OH)e]*", Cas[Zr(OH)s]*" and Cas[Th(OH)s]*". In analogous studies with
Pu(IV) hydrous oxide, the solubility increasing effect of ternary complex formation with Ca*"

ions is only observed at CaCl, concentrations above 2 M.
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1. Introduction

The solubility and aqueous speciation of tetravalent actinides in chloride solutions is of
particular interest for the storage of nuclear waste in underground salt mines. As the corrosion
of cementitious waste packages in MgCl, solution can lead to alkaline CaCl, solutions, we
have studied the solubility of Zr(IV), Th(IV) and Pu(IV) oxyhydroxide precipitates which
may also be called hydrous oxide, MO,-xH,0(s), or hydroxide, M(OH)a(s). The literature on
the solubility and hydrolysis of tetravalent actinides and Zr(IV) in acidic to alkaline alkali salt
media is extensively discussed in recent reviews [1 - 4]. The low solubilities measured after
ultrafiltration or ultracentrifugation in carbonate-free solutions of pH 6 - 13 (log [Zr] =- 7.5
0.8 [5,6], log [Th] = -8.5 £ 0.6 [1,7], and log [Pu(IV)] = - 10.4 £ 0.5 [1,8]) are usually
described by equilibria with neutral aqueous complexes M(OH)s(aq) or M,,(OH)4,(aq).
Numerous solubility studies with An(IV) hydrous oxides (An = Th, U, Np, Pu) in alkali
hydroxide solutions up to pH 14 show no indication for the formation of anionic hydroxide
complexes An(OH),"" with n > 4 (c.f., discussion in [1,2,4]). The solubility increase observed
in a few studies with U(IV), Np(IV) and Pu(IV) in highly basic solutions [9 - 11] may be
caused by the interference of carbonate or by species at higher oxidation states; the proposed
data for An(OH)s™ or An(OH)s> complexes are therefore not accepted in the database of the
OECD / Nuclear Energy Agency (NEA-TDB). Solely the formation of Zr(OH)s> at high
hydroxide concentrations (e.g. in 1 - 10 M NaOH) [5,12,13] is considered to be proven [3].
Although the alkalinity of CaCl, solutions is limited by the solubility of calcium
hydroxide or hydroxychlorides (pH. <12 in 0.1 - 4.5 M CaCl, ) we measured unexpectedly
high solubilities with Zr(IV) and Th(IV) hydrous oxides. The concentrations at pH, =11 to 12
partly exceed 10° mol-L"' which is sufficient to investigate the saturated solutions by
extended x-ray absorption fine structure spectroscopy (EXAFS) [14]. A part of our solubility
data was briefly discussed as background of this EXAFS study. In the present paper the
solubility in CaCl, solution and its dependence on the H™ and Ca®" concentrations are

discussed in detail in comparison with data in NaCl, NaClO4 and Ca(ClO4), media.

The specific ion interaction theory (SIT) recommended in the NEA-TDB reviews [2 - 4] is
used for ionic strength corrections. According to the SIT the activity coefficients y; of aqueous

species i are given by
IOgYi:-Zi2D+28ij m; (1)

where z; is the charge of ion 1, €;; is the interaction parameter for a pair of oppositely charged
ions, m; (mol’kg H>O) is the molal concentration of ion j, and D is the Debye-Hiickel term
(D = 0.509I, / (1 + 1.5 V1) at 25°C). I, is the molal ionic strength. Conversion factors to
calculate the molal concentrations m; (mol’kg H,O) from the molar concentrations ¢; (M =
mol/L), water activities ay, and ion interaction coefficients are taken from the NEA-TDB [2,3]
as far as available. The value of g(Ca*", OH) = -0.45 + 0.03 kg~mol'1 is derived from the



values of log you- in 0 - 5 m CaCl, solution, which are calculated with the widely accepted
data set and ion interaction (Pitzer) parameters reported by Harvie et al. [15] for the seawater
salt system (HMW model). This does not cause inconsistencies because the values of log yy+
in 0 - 5 m CaCl, solution calculated with the SIT agree well with those based on the HMW
model. The strongly negative interaction coefficients for the couple (Ca*", OH") account for

the effect of ion-paring, i.e., the HMW model does not explicitly include the species CaOH".

2. Experimental

Chemicals and analytical methods. Solid CaCl,-2H,0 (p.a.), Ca(OH),(p.a.), and NaCl (p.a.)
were obtained from Merck, Ca(ClO4),4H,0O from Aldrich. The stoichiometric composition of
CaCly2H,O (p.a.), i.e., the water content was confirmed by chloride analysis. The H"
standard solutions in NaCl and CaCl, used for the calibration of the pH electrodes and for
adjusting pH in the solubility experiments in acidic solutions were prepared with HCI titrisol
(Merck). For the studies in alkaline 0.1, 0.2, 0.5, 1.0, 2.0, and 4.5 M CaCl,, matrix solutions
with maximum pH values were prepared by equilibration with solid Ca(OH),(cr) for about
one week. In 4.5 M CaCl, the solid Ca(OH);(cr) transforms into Cay(OH),Cl,-H,O(cr) within
a few days. The solid calcium hydroxide or hydroxychloride was removed by ultrafiltration
and CaCl, matrix solutions at lower pH values were obtained by dilution with the
corresponding CaCl, solutions. All solutions were prepared with ultrapure water purified with
a Milli-Q-academic (Millipore) apparatus and purged with Ar before they were used.

The Zr and Th concentrations were determined by ICP-MS (ELAN 6100, Perkin Elmer)
at a background of about 0.005 ppb Zr-90 and 0.002 ppb Th-232. Depending on the chloride
concentration the aliquots for ICP-MS analysis (acidified in 2% HNOs3) have to be diluted
1:10 to 1:100. Accordingly, the detection limit for Zr and Th in the original solutions varied
from 10 to 10™® mol-L™". The concentration of plutonium (99.4 wt.% Pu—242, 0.58 wt.% Pu-
239, 0.005 wt.% Pu-238 and 0.005 wt.% Pu-241) was determined by liquid scintillation
counting with a TriCarb 2500 TR/AB (Canberra-Packard); detection limit: 10" M.

Solid phases and solubility measurements. Amorphous precipitates of ZrO,xH,O(s) and
ThO,-xH,O(s) were prepared by slow addition of 0.1 M NaOH (carbonate-free, Baker) to
about 0.02 M solutions of Th(NOs)s-:6H,O(p.a.) (Merck) and ZrOCl,xH,O (Aldrich),
respectively. The precipitates were washed several times with water and stored for several
weeks to minimize aging effects during the solubility experiments. The Th(IV) precipitate
was x-ray amorphous while powder diffraction pattern of the Zr(IV) precipitate showed the
most intense peaks of monoclinic ZrO(cr) (JCPDS file 37-1484) as weak broad bands. The
solubility study with hydrous Pu(IV) oxide, PuO,.x(am,hyd) containing about 0.5 % of
oxidized Pu, was performed with the solid used in our recent study in 0.1 M NaCl [16]. All
solubility experiments were performed in polyethylene vials. Appropriate amounts of the

solid hydrous oxides were suspended in 10 - 50 mL of the matrix solution and stored at 22 +



2°C in an argon glove box. After equilibration for 7 - 198 days the samples were analyzed for
H' and metal ion concentrations. The latter were measured after ultrafiltration (Pall Life
Sciences, 10 kD, pore size about 1.5 nm) or ultracentrifugation for 60 minutes at 90000 rpm

(Beckman XL-90, mean relative centrifugal force: ca. 5-10° g).

pH measurements. The molar H™ concentrations (pH. = - log cy+) in NaCl and CaCl,
solutions were determined with combination pH electrodes (type ROSS, Orion) as described
previously and more detailed for analogous pH measurements in NaCl and MgCl, solutions
[17]. Calibration against pH (activity scale) standard buffers (pH 1 - 10, Merck) yields
operational "measured" pHey, values in salt solutions of ionic strength I > 0.1 mol/kg, with
pH. = pHexp + Ac and pHy, = pHexp + A for the molal H' concentrations (pH,, = -log my+).
The parameter A includes the individual activity coefficient yy+ and a contribution AE; from
the variation of the liquid junction potential E; when measuring dilute pH buffer solutions for
calibration and saline test solutions. The experimental values of A., determined from pH.,, in
0.1 - 4.5 M CaCl, standard solutions containing 0.001 - 0.1 M HCI, and the corresponding

values of Ay, can be expressed empirically by the following polynomials:

Ac=-0.1044 + 0.4014 ccacn + 0.0384 (ccacn)’
Am=-0.1176 + 0.4308 mcac> + 0.0096 (mcacn)’

The H" concentrations measured in CaCl, solutions equilibrated with solid Ca(OH)(cr) or
Cay(OH)6Cly 13H,0O(s) agree well with calculated values based on the thermodynamic data
and parameters reported by Harvie et al. [15] (c.f., Fig. ). For pH measurements in 0.2, 1.0
and 2.0 M Ca(ClOy), solutions (mc, = 0.204, 1.088 and 2.397 mol/kg [18]) the junction
electrolyte was replaced by 3.0 M NaCl; A, = 0.05, 0.47 and 1.00, respectively.

3.  Results and discussion
3.1. Solubility of Zr(IV) hydrous oxide in different ionic media

The experimental solubility data measured with Zr(IV) hydrous oxide in NaCl and CaCl,
solutions are shown in Fig. 2 over the entire pH range, together with literature data in NaClO4
and a few additional data in alkaline Ca(ClOj), solutions. The comparison for data at equal or
similar ionic strength of I = 0.5 - 0.6 M (Fig. 2a), = 1.0 - 1.5 M (Fig. 2b), and I = 3.0 M
(Fig. 2¢) allows to distinguish between the influence of the medium anion (either CI” or non-
complexing C104) and the medium cation (either Ca®" or Na"). XRD pattern taken from the
solid phases in acidic 3.0 M NaCl and alkaline 2.0 M CaCl, did not show any changes

compared to the initial solid.

Acidic solutions. The solubilities at pH; = 1 - 3 decrease with a constant slope of -3 (log [Zr]
vs. pH¢). Our data in NaCl and CaCl, solutions of similar ionic strength are nearly on the

same lines (Figs. 2a and 2c¢). The discrepancies between the data of Ekberg et al. [5] and



Sasaki et al. [6] in 1.0 M NaClO4 (Fig. 2b) are typical for differences in the degree of
crystallinity or particle size of the solid phase, due to somewhat different preparation and
aging conditions. These effects cause much larger differences than the variation of the ionic
media or ionic strength. The curves calculated for the same solid in NaClOs and NaCl
solutions (i.e., with the same solubility product at I = 0) differ only slightly at higher ionic
strength.

Near neutral pH range. At pH. > 3, up to pH, = 12 - 13 in NaCl and NaClO4 media and up to
pH. = 10 in CaCl, solutions, the Zr concentration is at a constant level, independent of the
ionic medium and independent of whether the bulk solid phase is more or less crystalline.
Recent data determined by Cho et al. [19] for fresh, colloidal Zr(OH)4(am) particles at pH > 6
are in the range of solubilities measured with aged precipitates after ultrafiltration or
ultracentrifugation: log [Zr] =- 7.4+ 0.6 [5],- 7.6 £ 0.9 [6] or - 7.8 £ 0.7 (present work). This
Zr concentration is caused by neutral aqueous Zr,(OH)s,(aq) species in equilibrium with
small amorphous particles included in the bulk solid or with an amorphous hydrated surface
(c.f., discussion for Th(IV) and U(IV) oxides of different crystallinity [4,20,21]). The large
scatter of solubility data at these low concentrations (shadowed grey areas in Fig. 2) arises
from analytical problems, e.g., insufficient separation of colloidal species or sorption effects

during phase separation.

Alkaline solutions. At pH. > 13 in NaCl and NaClO4 media the solubility curves (log [Zr] vs.
pH.) show a distinct increase with a slope of 2, due to the formation of the complex Zr(OH)¢>
[3]. In CaCl, solutions, this solubility increase with a slope of 2 is much more pronounced
and already observed at significantly lower pH, values in the range 10 - 12. The solubility in
0.5 and 1.0 M NaCl/NaOH is similar to that in 1.0 M NaClO4/NaOH but orders of magnitude
lower than those in CaCl, solutions with similar chloride concentrations. Moreover, the
zirconium concentrations measured after 14 and 27 days in 0.2 and 1.0 M Ca(ClOy), are close
to the solubilities in 0.2 and 1.0 M CaCl; (c.f., Figs. 2a and 2c¢). This clearly demonstrates that
the solubility increase is not caused by complex formation with chloride ions but by strong
interaction with Ca®" (ion association or ion pair formation). This conclusion is further
corroborated by EXAFS measurements with a couple of saturated Zr(IV) solutions in 0.5, 1.0
and 2.0 M CaCl, at pH, = 11.6 - 12.0 [14]. The EXAFS spectra clearly show a second
coordination shell coming from calcium backscatter atoms. There is no indication of Zr-Zr
backscattering like in Zr(IV) oligomers or oxyhydroxide colloids. The presence of chloride
ligands can also be ruled out. The coordination numbers (No = 6.6 = 1.2, N¢, = 2.7 £ 0.6) and
distances (Rz.o = 2.20 £ 0.02 A, Rz.ca = 3.38 £ 0.02 A) and the relatively small Debye-
Waller factors indicate the presence of a single species Cas[Zr(OH)s]*" where the Ca®" ions
are bound to the edges of a distorted Zr(OH)s> octahedron which possibly includes an
additional H,O ligand [14].



3.1.1. Thermodynamic model for the solubility and hydrolysis of Zr(IV) at pH 0 - 10

The hydrolysis of the Zr*" ion has been critically discussed in a recent NEA-TDB review [3]
which analyzed potentiometric, ion exchange, solvent extraction, and solubility data and
derived a chemical model from an overall fit. Besides the mononuclear species Zr(OH),*™"
with n =0, 1, 2, 4 and 6 the model included two trimers, Zr3(OH)48+ and Zr3(OH)93+, and the
tetramers Zr4(OH)88+, Zr4(OH)15+, and Zr4(OH)6(aq). However, the exact stoichiometries of
the oligomeric species dominant in acidic solutions are not well ascertained, e.g.: ""The species
Zr3(OH)s’" has been introduced to increase the quality of the global fit of the hydrolysis data.
This species has not yet been identified or proposed in the experimental literature." [3]. The
same holds for Zr4(OH)15+ and Zrs(OH)is(aq). In a very recent study based on
nanoelectrospray mass-spectrometry, Walther et al. [22] detected a much large variety of
oligomeric species Zr,(OH),”, mainly with m= 4, 5, and 8 and charges decreasing
continuously from z = +15 to +2 when pH. is increased from 0 to 3 at a given Zr
concentration in the range [Zr]iwt = 102 - 10? M. The authors found no evidence for the
formation of trimers under their experimental conditions. Anyway, both the NEA-TDB model
and the results of Walther et al. [22] show that the speciation along the solubility of Zr(IV)
hydroxides or hydrous oxides is not dominated by mononuclear hydroxide complexes but by

oligomers. Even somewhat larger polymers might be present [6].

In order to calculate the solubility product of ZrO,-xH,O(s) from the data at pH. < 3 we have
adopted the hydrolysis scheme proposed in the NEA-TDB review [3]. The equilibrium
constants and ion interaction (SIT) coefficients are listed in Tables 1 and 2. Unknown SIT
coefficients &(Zr,(OH),”", Cl) are estimated from an empirical relation, e(M”", Cl) =
0.38 &(M=", Cl04) + 0.1 kgmol™, valid for all metal ions M*" with z = 1 - 4 [23] and also for
thorium hydroxide complexes Th,,(OH),”” with z= 0 - 10 [4]. In agreement with the observed
slope of -3 for log [Zr] vs. pH,, the trinuclear complex Zr;(OH)o’" is calculated to be the
dominant species in the saturated solutions at pH, = 1 - 3. All other Zr(IV) species give very
minor contributions to the total Zr concentrations. Hence the solubility in this pH range, i.e.,
the dissolution of Zr(OH)4(s) and the subsequent hydrolysis of Zr*":

Zr(OH)4(s) + 4 H < Zr*" + 4 H,0 (log*Ks.0) ()
3 72r*" + 9 H,0 < Zr3(OH), " +3 H' (log*Ps.9) (3)

i1s dominated by the reaction
3 Zr(OH)4(s) + 3 H™ < Zr3(OH)o’" +3 H,0 (4)

The equilibrium constant for reaction (4) and the contribution of the trimer Zr;(OH)o>" to the
the Zr concentration in solution ([Zr]39) = 3 [Zr3(OH)y ") are given by Egs. (5) and (6):

log*K ;.0 = 3 log*K + log*Bso = log [Zr3(OH)e’ ] - 3 log [H'] (5)



log (3) + 3 log*Kso + log*Bs9 + 3 log [H']
log (3) + 3 log*K° + log*B°s9 + 3 log [H']
+AZ D - ¢(Zr3(OH)”", Cl) me- + 3 e(H, Cl) me- - 3 loga, ~ (6)

IOg [ZI’](3’9)

where log*Ko and log*Bs9 are conditional equilibrium constants in a given medium and
those with index "°" refer to the standard state. The Debye-Hiickel term Az> D with Az* = 6
for reaction (4) is given by the SIT (Eq. (1)) and log*p°;9 = 12.19 &+ 0.08 [3]. The values of
&(H", CI) and water activity a,, are tabulated in [2]. (The concentrations log [Zr].. of the
other species (m,n) are given by analogous equations.) The unknown parameters in Eq. (6),
log*K® (at I = 0) and &(Zr3(OH)o>", CI), are then fitted to the solubility data at pHy, < 3 in
0.51, 1.02 and 3.20 m NaCl and in 0.20 and 1.02 m CaCl,:

log*K° o =- 4.3 + 0.2 and &(Zr;(OH)o>", CI') = 0.30 + 0.11 kg-mol™

The corresponding solubility product, log K°, = log*K%, + 4 log K°, = -60.3 + 0.2
(referring to the reaction Zr(OH)4(s) < Zr*" + 4 OH), is typical for an aged Zr(IV)
oxyhydroxide precipitate, i.e., it is lower than the value selected in the NEA-TDB for fresh
Zr(OH)4(am) precipitates (log K°, = - 59.24 + 0.10, log*K° = - 3.24 £+ 0.10 [3]) but greater
than the value proposed for monoclinic ZrO;(cr) (log K°;, = - 63.0 + 1.6, log*K°o = -7.0 +
1.6 [3]). The SIT coefficient &(Zr3(OH)o>", CI) = 0.30 + 0.11 kg-mol™ is in the expected range
(0.35 + 0.17 kg'mol ™) with regard to the value of &(Zr3(OH)o>", C1O4) = 0.93 + 0.35 kg'mol™
[3] and the relation (M*", CI)) = 0.38 &(M*", C104) = 0.1 kg-mol™ [4, 23].

Model calculations including the NEA-TDB data for the species Zr4y(OH) 15" overestimate the
solubility at pH, around 3 (c.f., fat dashed lines in Figs.2a-c). Neither our data nor the data of
Sasaki et al. [6] in 0.1, 0.5 and 1.0 M NaClOy (for a solid with log*K° = - 3.6 £ 0.3 where
the concentration [Zr]u4 15) is expected to be 2.8 log-units greater than for our solid) show any
evidence for contributions from the complex Zr4(OH), s they are much better reproduced if
this complex is excluded (fat solid lines in Figs.2a-c), i.e., log*B°s15< 11. Brown et al.
derived the equilibrium constant log*B°4 ;5 = 12.6 from solubility data for fresh Zr(OH)4(am)
precipitates which decrease from about 10™ to 10° M at pH 1 - 3 (c.f, Appendix D in [3].)
The slope of -1 indicates the dominance of a complex with charge z = +1 but not whether it is
a tetramer. Possibly larger oligomers dominate as indicated by the results of Walther et al.
[22] at similar H™ and Zr concentrations. At the much lower Zr concentrations in the present
study with aged ZrO,xH,O(s) the corresponding equilibrium concentration of larger

oligomers (e.g., of an octamer Zrg(OH);;") would be negligibly small.

The pH-independent, constant solubility in the intermediate pH range (pH. = 3 - 12 in NaCl

and 3 - 10 in CaCl, solutions) is described by the reaction

Zr(OH)4(s) < "Zr(OH)4(aq)" (7)



The present results yield an equilibrium constant of log K4 = log ["Zr(OH)4(aq)"] = - 7.8 £
0.7. "Zr(OH)4(aq)" stands for neutral species Zr,,(OH)4,(aq), either monomers or oligomers
with m <10 (c.f., discussion for thorium [4]). The true concentration of mononuclear
Zr(OH)4(aq) species is probably much lower. The interaction coefficients of neutral species
can usually be set equal to zero. The equilibrium constants selected in the NEA-TDB,
log*B°14 =-2.2 + 1.7 and log*B°4,16 = 8.4 = 0.8 [3], combined with log*K°%y=-4.3 £ 0.2,
gives log [Zr]i14) = - 6.5 £ 1.7 (higher than but within the uncertainty consistent with our
data) and log [Zr]4,16)= - 8.2 £ 1.1 (also in the range of the present results).

3.1.2. Equilibrium constants for Zr(IV) complexes in alkaline solutions

The solubility increase at pHe > 13 in 0.5, 1.0 and 3.0 M NaCIl-NaOH and in pure 1.0, 5.0 and
10 M NaOH [5] is consistent with the equilibrium

Zr(OH)4(s) + 2 OH < Zr(OH)e™ (8)

log K6 = log [Zr(OH)s™] - 2 log [OH']
= log K% +2D - s(Zr(OH)62', Na") mya+ + 2 e(OH", Na") myu+ 9)

When the term (log K¢ - 2D) is plotted vs. I, for the extrapolation to I = 0 (Fig. 3a), the
experimental log K¢ values in 0.5, 1.0, and 3.0 M NacCl solution lead to log K% =-5.5
0.2. The slope (s = - Ae = - e(Zr(OH)¢™, Na") + 2 ¢(OH’, Na") = 0.10 + 0.03 kg~mol'1)
corresponds to &(Zr(OH)¢>, Na") = - 0.02 + 0.04 kg~mol'1. The data of Ekberg et al. [5] in 1.0,
5.0 and 10 M NaOH (mnaon = 1.00, 5.09 and 10.80 mol/kg [24]), lead to a slightly lower
value of log K¢ = - 5.7 + 0.1 (Fig. 3a). However, the slope (s = - Ag =-0.02 = 0.01 kg'mol™)
and hence &(Zr(OH)¢>, Na") = 0.10 + 0.02 kg-rnol'1 is noticeably different. Since our results
in pure 0.5, 1.0 and 3.0 M NaOH are consistent with this &(Zr(OH)¢™, Na™) value (c.f,
Fig. 3a) we assume that the systematic deviation from &(Zr(OH)e™, Na") in NaCl solution is
not due to experimental errors but to anion-anion interaction terms neglected in the SIT model
(similar examples are discussed in Appendix D of [2]) and propose a mean value of
&(Zr(OH)e>, Na") = 0.04 + 0.08 kg'mol ™.

For the apparent equilibrium constants log K, 4 in CaCl; solution the term (log K4 - 2 D) does
not follow the linear SIT relationship for the extrapolation to I = 0 but shows an exponential
decrease at low ionic strength (Fig. 3a). At a given pH, the concentration of Zr(OH)¢™ in 0.2
m CaCl, (I, = 0.6 molkg™) is more than 4 orders of magnitude above that in 0.5 m NaCl.
Such a large difference at relatively low ionic strength cannot be explained by differences in
the ion interaction parameters &(Zr(OH)s”, Na") and &(Zr(OH)s”, Ca’). It is evident that the

experimental data can only be explained by equilibria involving complexes with Ca*" ions:

Zr(OH)4(s) + 2 OH + n Ca*" < Ca,[Zr(OH)s]*"> (10)



log Ks(n16) = log [Ca,[Zr(OH)s]*"?] - 2 log [OH] - n log [Ca®"]
= log K° .16 + Az’D - &(Ca,[Zr(OH)s]*"?, CI') mc-
+2 ¢(OH, Ca?") meg2+ + n g(Ca*", CI') mr- (11)

An attempt to describe the experimental data with the assumption that one Ca*" ion (n = 1) is
coordinated to [Zr(OH)s>] failed and an attempt assuming n = 2 was only successful, if the
data at the two highest CaCl, concentrations were excluded. The corresponding SIT
regression plots of log K s,1.6) - AZD vs. I, do not show a linear relationship. The calculation
for n =3 (in agreement with N¢, = 2.7 = 0.6 determined by EXAFS [14]):

Zr(OH)4(s) + 2 OH + 3 Ca*" < Cas[Zr(OH)¢]** (12)

yields log K 3.1.6) = 0.7 + 0.3 and &(Cas[Zr(OH)s]*", CI') = 0.48 + 0.10 kg'mol™ (Fig.3b) and
describes the experimental data at all CaCl, concentrations reasonably well (dashed lines in
Fig. 4). A slightly better fit (solid lines in Fig. 4) is obtained if the number of associated Ca*"
ions is assumed to vary with the CaCl, concentration, i.e., by including both Cas[Zr(OH)e]*
(dominant at CaCl, > 0.2 M) and Ca,[Zr(OH)s]*" (dominant at CaCl, < 0.2 M):

log K 3.1.6)= 0.5 + 0.2 and &(Ca3[Zr(OH)]*", CI) = 0.40 + 0.07 kg-mol'
log K% 2.1.6)= 1.1 £ 0.2 and &(Cay[Zr(OH)]*", CI) = 0.1 + 0.1 kg-mol™

With log K°, = - 60.3 = 0.2 the complex formation constants log 3°,,1¢ for the reactions
Zr*" + 6 OH + n Ca*" < Ca,[Zr(OH)s*"> (13)

are log 3°,16 = 54.8 + 0.3 (NEA-TDB [3]: 55.0 £ 0.7), log °2,16 = 61.4 £ 0.3 and log 3,16 =
60.8 + 0.3. The complex Ca[Zr(OH)s](aq) does not play any role at [Ca®'] > 0.1 M. However,
assuming a linear decrease of log K°, for the stepwise association of Ca®" ions to Zr(OH)s™
(Ca,[Zr(OH)s]*"™* + Ca** < Ca,[Zr(OH)s]*?, with log K° = 4.6, log K°, = 2.0, log K°; =
- 0.6) we estimate: log 3°;16=159.4 £ 0.3.

3.2. Solubility of Th(IV) hydrous oxide in alkaline CaCl, solutions

The solubility of Th(IV) hydrous oxide in sodium, lithium and tetramethylammonium
hydroxide solutions shows no increase up to pH 14, no indication for the formation of anionic
Th(IV) hydroxide complexes with 5 or 6 OH’ ligands at high pH [25]. Solubility data
determined after 1.5 - 2 nm ultrafiltration or ultracentrifugation in neutral and alkaline NaCl
and NaClO,4 media [7, 25-27] are at a constant level of log [Th] = log Ks4 =-8.5 £ 0.6 [1,7]
(Fig. 5). This concentration is due to neutral species Th,,(OH)4,(aq), either monomers or
oligomers with m < 10 [4]. Our data in 0.2 M CaCl, and those at higher CaCl, concentrations
and pH¢ < 11 are also in this range. However, the thorium concentrations measured after 7 -
198 days in 0.5, 1.0, 2.0, and 4.5 M CacCl, in the range pH, = 11 - 12 show an extremely steep

increase and a systematic dependence on the CaCl, concentration. The observed dependence
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on pH, (slope 4 for log [Th] vs. pH,) indicates the formation of a Th(IV) hydroxide complex
with 8 OH ligands which is a very unexpected result. The thorium concentrations measured
for comparison after 14 and 27 days in a few samples in 2.0 M Ca(ClQOy), (Fig. 5) show the
same tendency. Analogous to the behaviour of Zr(IV), the Th(OH)s" complex must be

stabilized by association of Ca”" ions.

This conclusion was confirmed by an EXAFS spectrum of the solution with the highest
Th(IV) concentration (4.3-10° M at pH. = 12.2 in 4.5 M CaCl,) [14]. This sample was
prepared particularly for EXAFS analysis and equilibrated only for one day, because the
matrix solution is metastable with regard to the high pH value. The matrix solution was
prepared by equilibration of a 4.5 M CaCl, with Ca(OH)(cr) for 2 hours; it was removed
from the solid phase before Ca(OH),(cr) started to transform into less soluble calcium
hydroxychlorides which leads to a decrease of pH. Longer equilibration of the matrix solution
led to pHe = 11.8 (c.f, Fig. 1) where the solubility of ThO,xH,O(s) is about 1.6 log-units
lower (c.f,, Fig. 5) and not sufficient for EXAFS analysis. An EXAFS spectrum of the 4.3-107
M Th(IV) solution at pH, = 12.2 in 4.5 M CaCl, clearly shows a second coordination shell
coming from calcium backscatter atoms. The presence of both polynuclear Th(IV) species
and chloride ligands can be ruled out. The coordination numbers (No = 8.6 = 1.2, N¢, = 3.8
0.5) and distances (Rrh.o = 2.47 + 0.03 A, Ryp.ca = 3.98 + 0.02 A) indicate that four Ca®" ions
are bound to the edges of a distorted Th(OH)s* polyhedron which possibly includes one or
two additional H,O ligands [14].

These results show that the solubility of ThO,-xH,O(am), designated here as Th(OH)a(s),

increases in alkaline CaCl, solutions according to the reaction
Th(OH)4(s) + 4 OH + 4 Ca®" < Cay[Th(OH)g]*" (14)

log Ks4.18 = log [Cas[Th(OH)s]*"] - 4 log [OH] - 4 log [Ca®"]
= log K°4.18 + Az’D - &(Cay[Th(OH)s]"", CI') mg-
+4 g(OH, Ca™") mcq2+ + 4 g(Ca®", Cl) me- (15)

The corresponding SIT regression plot of (log K 4.18) +4D) vs. I, (Fig. 6) yields
log K° 1.8 = 1.8 + 0.5 and &(Cas[Th(OH)g]*", CI') = -0.01 + 0.10 kg'mol .

This "two-parameter-fit" describes the measured thorium concentrations very well (c.f., solid
lines in Fig. 5) and, contrary to the data for Zr(IV), it is not possible to improve the fit by
including complexes Ca,[Th(OH)g]**" with less than four Ca>* ions. However, the calculated
equilibrium constant at I = 0 and particularly the value of &(Cas[Th(OH)s]*", CI') depend
strongly on the data in 4.5 M (5.26 m) CaCly, i.e., at I, = 15.8 mol-kg™' which is far above the
validity range of the SIT. Combined with log K 4,15 = 1.8 + 0.5 the data in 2.0 M (2.40 m)
Ca(Cl0y); give a value of &(Cas[Th(OH)s]*", C104) = 0.21 + 0.17 kg'mol .
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Remarks on the solubility limiting solid phase: The hydrous Th(IV) oxide used in the present
solubility study was x-ray amorphous as described previously [7,20]. However, after 6
months in 1.0 - 4.5 M CaCl, at pH, > 11.5 several samples of Th(IV) solids show an XRD
pattern that could not yet be identified. It is clearly different from that of ThO,(cr), possibly
due to a very slow transformation into a calcium thorate solid. Scanning electron microscopy
(SEM) showed needle-like crystals lying on the bulk heap of amorphous ThO,-xH,O(am)
particles. These indications for a possible solid transformation deserve further investigations.
On the other hand, the SEM images also showed that only a part of the ThO,-xH,O(am) was
transformed. A complete transformation into a more stable solid would cause a noticeable
decrease of the solubility with time and also a different dependence on pH. However, this was
not observed; the thorium concentrations measured after a few days were not markedly
different from those measured after 3 - 6 months, indicating that the initial ThO,-xH,O(am)

was the solubility controlling solid phase throughout the study.

3.3. Solubility of Pu(IV) hydrous oxide (PuQO;. (am,hyd)) in alkaline CaCl, solutions

As plutonium is the most hazardous among the actinides, we also investigated the possible
solubility increasing effect of ternary Ca-Pu(IV)-OH complexes. For this purpose we
continued our recent solubility study with PuO,(am,hyd) that contained about 0.5 % of
oxidized Pu [16]. The aqueous phase of previous samples (stored in an Ar glove box) was
replaced by alkaline CaCl, matrix solutions. The Pu concentrations measured after 7 - 132
days are shown in Fig. 7 in comparison with previous results in 0.1 M NaCl and similar
studies in NaClO4 and dilute KOH solutions, either under Ar [8, 16, 28] or under air [29-31].
Under these conditions the total Pu concentration measured after 1.5 - 2 nm ultrafiltration is
dominated by Pu(V) species; a detailed discussion is given in [16]). The Pu(IV) concentration
in near-neutral and alkaline solutions is very low and at a constant concentration level of
log [Pu(IV)]=-10.4+0.5[1, 8]).

The solubility in 1.0 M CaCl, is in the range of the data in NaCl and NaClO4 media, but at
pHe =11 - 12 in 2.0 and 4.0 M CacCl, the measured Pu concentrations increase up to 10® and
107 M, respectively. These low concentrations do not allow a reliable oxidation state analysis
of the dissolved Pu species, neither by spectroscopy nor (with regard to the detection limits of
the Pu-242 used) by solvent extraction methods which require dilution and acidification of the
alkaline CaCl, solution. However, as the tetravalent actinides usually show an analogous
chemical behaviour, we assume that the observed solubility increase in CaCl, solutions is

probably caused by a species analogous to the ternary Th(IV) complex:
Pu(OH)4(s) + 4 OH + 4 Ca*" < Cay[Pu(OH)s]*" (16)

With log K° 4,18 = - 2.0 £ 0.5 and the same SIT coefficients as for the thorium complex,
&(Cas[Pu(OH)s]*", CI') = - 0.01 + 0.10 kg'mol”, the experimental Pu concentrations are well
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described (c.f., Fig. 7 where the calculated Cas[Pu(OH)s]*" concentrations are shown as thin
solid lines). This equilibrium constant is 3.8 log-units smaller than for Th(IV), but with the
known solubility products of the hydrous oxides, log K°, = - 47.8 + 0.3 for Th(IV) [7] and
-58.3 + 0.5 for Pu(IV) [2], the complex formation constants (referring to the reaction An*" +
8 OH + 4 Ca®" < Cay[An(OH)g]*") are log B%.15 = 49.6 + 0.6 for Th(IV) and 56.3 + 0.7 for
Pu(IV). They show the expected tendency in the actinide series where the formation constants

of aqueous complexes generally increase from Th(IV) to Pu(IV).

The redox conditions in the investigated CaCl, solutions are similar to those in our previous
study in 0.1 M NaCl [16]: E, = 0.1 to 0.3 V at pH. =11 - 12, (pe + pH) = 14 + 2. Under these
conditions aqueous Pu(IIl) species do not play any role. However, as the solid phase is in
equilibrium with both Pu(IV) and Pu(V) species, we cannot rule out possible effects from
ternary Ca-Pu(V)-OH or Ca-Pu(VI)-OH complexes like Cay[PuO,(OH)]” or
Ca3[Pu02(OH)6]Z+ which might also stabilized in alkaline CaCl, solutions. This is not yet
known. Therefore, the interpretation suggested by the analogy to the Th(IV) data requires
confirmation under more reducing conditions where the interference of Pu(V) and Pu(VI)
species can be excluded. At present it has to be considered as an upper limit for the solubility

increasing effect of ternary Ca-Pu(IV)-OH complexes.

4. Conclusions

In alkaline CaCl, and Ca(ClOy), solutions the solubility of the oxides/hydroxides of
tetravalent metal ions is significantly increased by the formation of ternary Ca-M(IV)-OH
complexes with unusually high numbers of hydroxide ligands. Thermodynamic data for these
complexes are derived with the SIT. At the Migration '07 conference comparable results were
presented for trivalent lanthanides and actinides; the solubility of Nd(OH)s;(s) and a
fluorescence emission spectra of Cm(III) provide strong evidence for the formation of ternary
Ca-M(III)-OH complexes in alkaline 1.0 - 3.5 M CaCl, solutions [32, 33]. A similar type of
ternary complexes, calcium-uranyl(VI)-carbonate complexes, Ca[UO,(COs);]* and
Cay[UOy(COs3)3]°, has been observed in NaClO4 solutions [34-36], at low Ca*"
concentrations (10~ to 102 M) limited by the solubility of calcite. The stabilization of anionic
hydroxide and carbonate complexes by Ca”" ions seems to be a general phenomenon that can
have a significant impact on the solubility and aqueous speciation of actinides, particularly in
aqueous systems with cementitious waste forms.

It may appear somewhat strange that complexes like Cas[Zr(OH)s]*" and Cas[Th(OH)s]*" with
a high nominal positive charge exist in alkaline solutions without charge compensation by
association of further anions. However, one has to take into account that the charge
distribution in these ternary Ca-M-OH complexes is not comparable with that in metal ions
M*" of the same nominal charge. The charge of M*"(aq) ions is usually compensated by

hydrolysis reactions, but the central metal ion in the ternary Ca-M(IV)-OH complexes is
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already completely hydrolysed, its charge is even overcompensated and no further CI” ligands
are added as shown by EXAFS [14]. There is no high local positive charge in the ternary
complexes Cas[Zr(OH)s]*" and Cas[Th(OH)g]*". The central complexes [Zr(OH)¢*] and
[Th(OH)s*] have a negative charge and the total nominal charge of +4 is distributed to the 3
or 4 surrounding calcium ions. As these Ca®" ions are directly associated to two OH™ ligands
of the central hydroxide complex, their charge is already partly compensated; hence their
tendency to form ion pairs with medium anions is even smaller than for Ca>" ions of the bulk
medium. Because of the considerably different charge distribution in the ternary
Ca-M(IV)-OH compared to metal ions M”', it is also to note that the corresponding ion

interaction (SIT) coefficients are not necessarily similar.
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Table 1. Standard state equilibrium constants (I = 0, 25°C) used in the present calculations of
the solubility and hydrolysis of Zr(IV), either adopted from the NEA-TDB [3] or evaluated in

the present work (p.w.)

Zr(OH)4(s) (or ZrOy(s) + 2 H,0) + 4 H < Zr*" + 4H,0

Zr(OH)4(am, fresh) log*K°% -3.2+0.1

Zr0,xH,0(aged) log*K°® -3.6t0-5.0
-43+0.2(p.w.)

Z1rO;(cr) log*K° -7.0+£1.7

m Zr*" + n H,0 < Zr,,(OH),,""" + n H"

Zr(OH)* log*B°1. 0.32+0.22?

Zr(OH),*" log*B°12 0.98 +1.06 ¥

Zr(OH)4(aq) log*B° 14 (-22+1.7)"

Zr(OH)s> log*B° 16 (-29.0+0.7)/-29.2+ 0.3 (p.w.)
Zr;(OH),*" log*B°s.4 04+03?

Zr3(OH)o>" log*PB°s. 12.19 + 0.08

Zr4(OH)s"" log*P°ss 6.52+0.65?

Zr4(OH);s" log*B°4.1s (12.58 £0.24) /< 11 (p.w.)
Zr4(OH);6(aq) log*B°mn (8.39 + 0.80)

Zr*" + 6 OH + n Ca®" < Ca,[Zr(OH) ">

Zr(OH)s™ log B°.16 54.8+0.3 (p.w.)
Ca[Zr(OH)sl(aq)  logB°ris  (59.4+0.3)*9 (p.w.)
Ca,[Zr(OH)e]* log B°2.16 61.4+0.3 (p.w.)
Cas[Zr(OH)e]* log B°s.16 60.8 + 0.3 (p.w.)

" Not relevant under the experimental conditions of the present study.

® Not used in the present work; for reasons discussed in the text, the constant solubility of
different Zr(IV) oxides / hydroxides in neutral solutions is better reproduced by:
log [Zr]mam) = log K% 4 = - 7.8 £ 0.7 for the reaction Zr(OH)4(s) < "Zr(OH)(aq)".

9 Estimated, see text.
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Table 2. Ion interaction (SIT) coefficients g;; (kgrmol™) used for the present calculations
(from NEA-TDB [2,3], except otherwise stated)

i j=ClOy j=CI
H 0.14 +0.02 0.12+0.01

Ca*" 0.27 +0.03 0.14 +0.01

Zr* 0.89 +0.10 0.33 +0.09
Zr(OH)* 0.57 +0.13 022+0.119
Zr(OH),*" 0.62 +0.39 024 +0.189
Zr;(OH),*" 1.89 +0.31 0.33 +0.289
Zr;(OH)o*" 0.93 +0.35 030+0.11° (p.w.)
Zr4(OH)s"" 3.61 +1.02 1.37 +0.409
Zr4(OH),s" 0.09 +0.92 0.03 +0.369
Zr(OH)4(aq) 0 0
Zr4(OH)6(aq) 0 0
Ca[Zr(OH)s](aq) 0° 0°
Ca,y[Zr(OH)e]* 03+0.19 0.1+0.19 (p.w.)
Cas[Zr(OH)e]* 0.89 +0.12% 0.40 £ 0.07° (p.w.)
Cay[Th(OH)s]*" 0.21+0.17% -0.01+0.10” (p.w.)
i j=Na" j=Ca*"

OH 0.04 +0.01 -0.45+0.039 (p.w.)
Zr(OH)e™ 0.04 +0.08"° (p.w.) 0" (p.w.)
Zr(OH)4(aq) 0 0°

Zr4(OH) 6(aq) 0 0°
Ca[Zr(OH)s](aq) 0° 0°

% Estimated according to the correlation: e(M=", Cl)) = 0.38 &M, ClO4) + 0.1 kg'mol™,
valid for metal ions M*" with z = 1-4 and complexes Th,,(OH),”" with z = 0-10 [4, 23].

b)
<)
d)

parameters reported by Harvie et al. [15].

Determined from experimental data in NaCl, CaCl, and Ca(ClOy,), solutions (p.w.)
Estimated by analogy from known SIT coefficients for ions with the same charge.

Derived from log yop- in 0 - 5 m CaCl, solution; based on the widely accepted set of Pitzer

© Mean value from the values of (Zr(OH)¢>, Na") = -0.02 + 0.04 and 0.10 + 0.02 kg'mol™
in NaCl and NaOH solutions, respectively (see text). The NEA-TDB review [3]
proposed an estimate of &(Zr(OH)s*, Na") =-0.1 + 0.1 kg'mol .

Interactions must be expressed in terms of complex formation with Ca®" ions.
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Fig. 1. Experimental pHy, values in CaCl, matrix solutions equilibrated for about one week
(circles: 2 - 3 hours) with calcium hydroxide and/or hydroxychlorides; equilibrium pHy,
values calculated with the thermodynamic data and parameters of Harvie et al. [15] are shown
as solid lines.
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Fig. 2. Solubility of ZrO,-xH,O(s) in NaCl, NaClO4 (data from [5,6]), CaCl, and Ca(ClO4),
solutions of comparable ionic strength: a) [=0.5-0.6 M,b) I=1.0-1.5M, and c) [=3.0 M.
The fat lines (solid lines for NaCl and CaCl,, dashed lines for NaClO4 and dotted lines for
Ca(ClQOy4), solutions) are calculated for log*K° o = - 4.3 with the equilibrium constants and

SIT coefficients in Tables 1 and 2. The upper and lower thin dashed lines refer to NaClO4
solutions and solids with log*K® o =- 3.7 and - 5.0, respectively.
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Fig. 3. Application of the linear SIT regression to evaluate the equilibrium constant at I = 0.

a) Reaction: Zr(OH)4(s) + 2 OH™ < Zr(OH)s”". The slope s in the plot of (log K¢ - 2D) vs I,
s=0.10 £ 0.03 kg'mol™ for data in NaCl and - 0.02 + 0.01 kg'mol™ for data in pure NaOH
solutions (conversion factors my,on/Cnaon are taken from [24]), is related to the individual
SIT coefficients by: s = - Ae = - g(Zr(OH)s”, Na") + 2 ¢(OH", Na™).

b) Reaction: Zr(OH)4(s) + 3 Ca’" + 2 OH < Ca;[Zr(OH)]*" in CaCl, solutions.
Since mca2+ = meacp = (1/3) Iy and me- = 2 meacr = (2/3) Iy the slope s = - 0.34 £ 0.05
kg-mol™ in the plot of (log Ks,3,1.6) - 2D) vs I 1s related to the individual SIT coefficients by:
s = - (2/3) &(Cas[Zr(OH)s]*, CI) + 2 x (1/3) &(OH", Ca>") + 3 x (2/3) &(Ca*", CI).
For the data in Ca(ClO4); solution the slope refers to:

=-(2/3) &(Cas[Zr(OH)e]*", ClO4) + 2 x (1/3) &(OH, Ca*") + 3 x (2/3) &(Ca*", ClOy).
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Fig. 4. Solubility of ZrO,-xH,O(s) in alkaline CaCl, solutions. The solid lines are calculated
with the data in Tables 1 and 2 including both Cay[Zr(OH)s]*" and Cas[Zr(OH)s]*". The
dashed lines are based on a model including only the complex Cas[Zr(OH)s]*" (see text).



23

-2 . . . — . — — EXAFS —
N sample
3 Cay[Th(OH)g]4* (1 day)
|V 5.26 m CaCl,
4| ™ 211mcCaCl i
I O 102mC3C|2 SIOpe=4
5 ¢ 0.51 m CaCl,
e | ¢ 020mcaCh )
E 6 | —— calculated
= @ 2.40 m Ca(ClO,),
3 I
- 7L calculated 1
| +
,,,,,,,,,,,,,,,,, v,,,,,, __ ,,,,,,,f’:,,,,,,,,
X
N Lt Yt i x f
X + ¢S % R
9L X X P + i
Sl AR T, R
_10 1 1 1 1 1 1
8 9 10 11 12 13
PHm

Fig. 5. Solubility of ThO,-xH,O(s) in alkaline CaCl, (and Ca(ClO4),) solutions. Experimental
data determined after ultrafiltration or ultracentrifugation in NaClO4, NaCl, and KCI solutions
[7, 25-27] are shown as crosses. The solid lines are calculated with log K% 4,15 = 1.8 + 0.5
and &(Cas[Th(OH)s]*", CI) = -0.01 and &(Cas[Zr(OH)e]*", Cl04) = 0.21 kg'mol™'. Shadowed
grey areas are regions of constant Th concentration in calcium-free solutions.
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Fig. 6. Application of the linear SIT regression to evaluate the equilibrium constant at [ = 0
for the reaction Th(OH)4(am) + 4 Ca’" + 4 OH < Cay[Th(OH)g]*". Since mea2+ = meacp =
(1/3) I, and mcl- = 2 mcacy = (2/3) I, the slope s = -0.22 + 0.04 kg-mol'1 in the plot of
(log Ky 4,18+ 4D) vs I, is related to the individual SIT coefficients by:

s = - (2/3) &(Cay[Th(OH)s]*", CI') + 4 x (1/3) &(OH", Ca*") + 4 x (2/3) &(Ca*", CI);

Ca(Cl0y); solution: slope s = - 0.02 + 0.07 kgrmol™ = - (2/3) &(Cas[Th(OH)s]*", ClO4) +
4 x (1/3) e(OH, Ca>") + 4 x (2/3) &(Ca*", ClOy).
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Fig. 7. Solubility of PuO,.(am,hyd) in alkaline CaCl, solutions under Ar atmosphere in
comparison with experimental data in NaCl [16], NaClO4 [28-31], and KOH [8] solutions.
The fat solid lines represent equilibrium Pu(IV) and Pu(V) concentrations as described in
[16]. The thin dashed lines are calculated with log K° 418 = - 2.0 and 8(C8.4[P11(OH)8]4+, CI)
=-0.01 £0.10 kg'mol ™.
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Figure captions

Fig. 1.

Experimental pHy, values in CaCl, matrix solutions equilibrated for about one week (circles: 2
- 3 hours) with calcium hydroxide and/or hydroxychlorides; equilibrium pH,, values
calculated with the thermodynamic data and parameters of Harvie et al. [15] are shown as
solid lines.

Fig. 2.

Solubility of ZrO,-xH,0O(s) in NaCl, NaClO4 (data from [5,6]), CaCl, and Ca(ClOy), solutions
of comparable ionic strength: a) I=0.5-0.6 M, b) [ =1.0 - 1.5 M, and c) [ = 3.0 M. The fat
lines (solid lines for NaCl and CaCl,, dashed lines for NaClO4 and dotted lines for Ca(ClOy);
solutions) are calculated for log*K°o = - 4.3 with the equilibrium constants and SIT
coefficients in Tables 1 and 2. The upper and lower thin dashed lines refer to NaClO4

solutions and solids with log*K° o = - 3.7 and - 5.0, respectively.

Fig. 3.

Application of the linear SIT regression to evaluate the equilibrium constant at I = 0.

a) Reaction: Zr(OH)4(s) + 2 OH™ < Zr(OH)s>". The slope s in the plot of (log Ks6 - 2D) vs I,
s=0.10 + 0.03 kg'mol" for data in NaCl and - 0.02 + 0.01 kg:mol™ for data in pure NaOH
solutions (conversion factors my,on/Cnaon are taken from [24]), is related to the individual
SIT coefficients by: s = - Ae = - g(Zr(OH)s”, Na") + 2 ¢(OH", Na™).

b) Reaction: Zr(OH)4(s) + 3 Ca>" + 2 OH < Cas[Zr(OH)s]*" in CaCl, solutions.

Since mca2+ = meacp = (1/3) I and me- = 2 meac = (2/3) Iy the slope s = -0.34 £ 0.05
kg-mol™ in the plot of (log Ks,3,1.6) - 2D) vs Iy 1s related to the individual SIT coefficients by:
s = - (2/3) &(Cas[Zr(OH)s]*", CI) + 2 x (1/3) &(OH", Ca®") + 3 x (2/3) &(Ca*", CI).

For the data in Ca(ClO,), solution the slope refers to: s = - (2/3) e(Cas[Zr(OH)e]*", ClOy) +
2 x (1/3) &(OH", Ca*") + 3 x (2/3) &(Ca*", C10y).

Fig. 4.
Solubility of ZrO,-xH,O(s) in alkaline CaCl, solutions. The solid lines are calculated with the
data in Tables 1 and 2 including both Cay[Zr(OH)s]*" and Cas[Zr(OH)e]*". The dashed lines

are based on a model including only the complex Ca; [Zr(OH)]*" (see text).
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Fig. 5.

Solubility of ThO,-xH,O(s) in alkaline CaCl, (and Ca(ClQOs);) solutions. Experimental data
determined after ultrafiltration or ultracentrifugation in NaClO4, NaCl, and KCI solutions [7,
25-27] are shown as crosses. The solid lines are calculated with log K° 415y = 1.8 £ 0.5 and
&(Cas[Th(OH)]*, CI) = -0.01 and &(Cas[Zr(OH)s]*", C104) = 0.21 kg'mol”. Shadowed grey

areas are regions of constant Th concentration in calcium-free solutions.

Fig. 6.

Application of the linear SIT regression to evaluate the equilibrium constant at I = 0 for the
reaction Th(OH)4(am) + 4 Ca’" + 4 OH < Cay[Th(OH)s]*". Since mca2+ = meacp = (1/3) Inm
and mg¢j- = 2 mcace = (2/3) Iy the slope s =-0.22 £ 0.04 kg-mol'1 in the plot of (log K .18) +
4D) vs I, 1s related to the individual SIT coefficients by:

s = - (2/3) &(Cay[Th(OH)s]*", CI") + 4 x (1/3) &(OH, Ca*") + 4 x (2/3) &(Ca*", CI);

Ca(Cl0y); solution: slope s = - 0.02 + 0.07 kgmol™ = - (2/3) g(Cas[Th(OH)s]*", ClO4) +
4 x (1/3) (OH, Ca*") + 4 x (2/3) g(Ca*", ClOy).

Fig. 7.

Solubility of PuO,.x(am,hyd) in alkaline CaCl, solutions under Ar atmosphere in comparison
with experimental data in NaCl [16], NaClO4 [28-31], and KOH [8] solutions. The fat solid
lines represent equilibrium Pu(IV) and Pu(V) concentrations as described in [16]. The thin
dashed lines are calculated with log K 4,18 = - 2.0 and a(Ca4[Pu(OH)g]4+, Cl)=-0.01 £
0.10 kg'mol™.



